Initial phase shift in a precessional motion of resident electron-spin polarization is studied in a CdTe/Cd 0.85 Mg 0.15 Te single quantum well using a time-resolved Kerr rotation technique. The generation dynamics of resident electron-spin polarization involve the formation and transformation of the associated optically excited states and are complicated particularly in the early time region. A careful analysis of the phase shift gives a deep understanding of the generation processes. In the experiments, the negative phase shift of the resident electron-spin polarization is observed, and the mechanism associated especially with a quick hole spin flip in negative trions is studied through the dependences on excitation power and magnetic field strength.
I. INTRODUCTION
There has been a great deal of interest in the formation processes of resident electron-spin polarization (RESP) confined in nanostructures for potential applications in future semiconductor electro-optic devices and quantum information processing [1] [2] [3] [4] [5] . These future applications could benefit from a long spin coherence of RESP because RESP can exist after the recombination of an associated optically excited state such as negatively charged excitons (trions) and the coherence is not limited by the fast recombination process. A lot of research effort has been put forth to understand better the interplay among resident electrons, neutral excitons, trions, and donor bound excitons [6] [7] [8] [9] [10] [11] , and with their environments such as tunable lasers [12] and lattice nuclei [13] . Based on those efforts, the correct perspective of the evolution of the optically excited states allows for better controlling the electron spins [11, 14] . However, it is still difficult to capture the exact snapshots of the ultrafast transforming process of the excited states during the RESP generation. In addition, the physical interpretation of initial phases in the RESP transient signals has not been fully established.
In this paper, we study the dynamical process of RESP of a CdTe single quantum well (SQW) in recognizing the importance of the initial phase shift (IPS) with a time-resolved Kerr rotation (TRKR) technique. The careful analysis of the TRKR signals as compared to the theoretical fittings around the time origin (t = 0) reveals an appealing phenomenon: the negative IPS by which one looks "backward" in the time domain toward zero delay as shown later (Fig. 3) . Since the IPS gives the important clues about the generation processes of RESP, the experimental and theoretical studies of IPS play a crucial role in the study of RESP.
Although the positive and zero IPSs have been reported in CdTe QWs [15, 16] so far, we observed the negative IPS in a CdTe SQW. In addition, we found that the magnitude of IPS can be controlled by the external parameters such as the excitation power and the strength of the external magnetic field.
* adachi-s@eng.hokudai.ac.jp By using the model calculation which involves the interplay between the trion and RESP, we discuss the possibility of the negative IPS and dynamical process of RESP in detail.
II. EXPERIMENTAL DETAIL
The sample used in this study was a naturally ndoped CdTe/Cd 0.85 Mg 0.15 Te SQW with the well width of 100Å grown by molecular-beam epitaxy on a (100)-oriented GaAs substrate. The natural doping due to impurities in barriers causes a background resident electron ensemble (n e ∼10 10 cm −2 ), which can interact with optically injected electron heavy-hole (e-hh) pairs to form negative trions in the ground state. Figure 1 shows photoluminescence (PL) spectra at 10 K. The PL spectra can be fitted by the sum of the two Lorentzian functions and both the negative trions (T ) (the low-energy peak at 1.6110 eV) and the neutral hh excitons (X 0 ) (the high-energy peak at 1.6133 eV) are clearly separated by the trion binding energy of 2.3 meV, which is beneficial to excite trions selectively. This trion is the lowest-energy optical transition in the system.
The dynamical evolution of the created RESP and the interplay with trions were measured by the TRKR technique. Both the pump and probe pulses were produced by a modelocked Ti:sapphire laser with the pulse width of ∼2 ps and the repetition rate of 76 MHz. Since the transform from excitons to trions makes the evaluation of IPS complicated, the laser wavelength was tuned to the negative trion resonance at 769.6 nm as seen in the PL spectra. The spectral width of the pump and probe pulses (<1 meV) was narrower compared to the trion spectrum. Under this excitation condition, the excitation of the exciton was suppressed strongly. A circularly polarized (σ + or σ − ) pump pulse was incident along the QW growth direction (z) and magnetic fields up to ∼720 mT were applied in the x direction (Voigt geometry). In this geometry, the spins were prepared initially orthogonal to an applied field, and started to precess with Larmor frequency ω L in the yz plane immediately after optical excitation. The pump pulse was modulated from σ + to σ − at 50 kHz to reduce the laser noise. Similar to a standard TRKR setup [17, 18] , a linearly polarized probe pulse with a controlled delay time monitors the electron-spin polarization in the spot area excited by a pump pulse. A Kerr rotation of the linear polarization was measured sensitively using a polarization bridge and double lock-in detection technique. The QW sample was mounted in an optical cryostat and the temperature was kept at ∼10 K through all the measurements.
Based on a reported diffusion constant of the negative trions D ∼ 10 cm 2 /s at 10 K studied via transient grating experiments [19] , we assumed reasonably that the excited carriers could not escape out of a probed spot (∼100-μm diameter) during the observed time range (∼3 ns), and therefore the electron diffusion was not taken into account in this study.
III. RESP DYNAMICS AND MODELING

A. General spin dynamics and initial phase shift of RESP
A schematic of the general RESP dynamics on the basis of prior studies [16, 20] is depicted in Fig. 2 . The figure is depicted under the condition that the trion recombination time is smaller than the precession period: τ T r < 2π/ω L . In the presence of background resident electrons, before optical excitation (stage I), there is no RESP and individual electron spins rotate around the applied magnetic field B x . At the time origin (t = 0, stage II), optical excitation (σ − excitation in the figure) at the trion resonance can generate an e-hh pair (↑⇓) selectively, which captures one electron with opposite spin (↓) from the resident electron ensemble and forms a negative trion (↓↑⇓). At this moment, the resident electron ensemble loses the spin balance and a nonzero net RESP comes out along the light propagation direction (stage III).
The return of the electron after trion recombination can change RESP if the conditions are right. If the hole spin relaxation time τ T s of the negative trion is longer than τ T r , an electron with the same spin (↓) as that captured at t = 0 returns to the resident electron ensemble (stage IV). In the case T r , and the precession period 2π/ω L , the amplitude and phase of the TRKR signal originated from RESP may change intricately. The microscopic picture of the above RESP generation is given by Kennedy et al. [21] using a coherent superposition of electrons and trion states excited by circularly polarized excitation under a transverse magnetic field.
A typical one-color TRKR signal for the studied CdTe SQW is shown in Fig. 3 . The signal was taken by a σ − -pulsed excitation with low power (P pump = 1 mW) at the trion resonance under B x = 146 mT and 10 K. The TRKR signal can be fitted by the following function:
where the coefficients A T and A e are the amplitudes of the TRKR signals originated from trions and RESP, τ T and τ e s are the corresponding spin lifetimes, and φ is the initial phase of RESP precession. Since a negative trion consists of spin-paired electrons (singlet state) and a hole, the total g factor in the x direction is zero in QW, and therefore negative trions show a simple decay due to the short spin lifetime τ T without the spin precession by a magnetic field as indicated by the first term of Eq. (1) . Note that the in-plane hh g factor is nearly zero in a QW as long as light hole (lh)-hh mixing is weak [22] .
Spin lifetime of trions is defined as a combination of the recombination time and the transverse hole spin-relaxation
On the other hand, the spin lifetime of the RESP is determined only by the transverse spinrelaxation time τ The TRKR signals given by Eq. (1) become generally complicated particularly around t = 0, but it is noted that the first term disappears rapidly due to the shorter spin lifetime compared to that of RESP. The recombination time of trions obtained by the time-resolved PL measurements using a streak camera was τ T r = 85 ± 1 ps, and τ T s is much shorter than τ T r as the signal indicates. The measured τ T r is similar to the values in the previous reports [10] . Thus, only the RESP component with a long coherence survives after a few 100 ps. Since the spin decay in the probe volume caused by the diffusion process can be neglected, the envelope of the TRKR signal in the long delay-time region reflects the dephasing of RESP directly.
In Fig. 3 , the fitting for the range of 500-3000 ps in a TRKR signal by the second term of Eq. (1) is indicated by a solid line. As indicated in the inset, the interpolating back to t = 0 can be seen as the time shift φ/ω L (=−8.1 ps) of RESP generation. The time shift can be converted to IPS = −0.15 rad. Although the time shift and the IPS are small in the signal, the appearance of the negative IPS was always observed in our sample at various conditions. Then, we emphasize that the observed IPS is intrinsic and is disentangled unambiguously from the measurement-induced unphysical time delay in a pump-probe setting. This negative IPS is a main subject of this study, and the dependences on excitation power and magnetic field strength are presented in Sec. IV.
B. Modeling of RESP generation
To gain significant insight into the IPS mechanism and to analyze our experimental results quantitatively, we put forth a theoretical model for the spin dynamics of RESP. The model contains three processes (P1,P2,and P3) to generate the RESP, where the excitation at the trion resonance is assumed and the excitation of the neutral excitons is excluded for simplicity.
In the P1 process, the e-hh pairs (↑⇓) are created by absorption of the σ − photons at t = 0 and capture −1/2 (↓) electrons from the resident electron ensemble to form −3/2 trions (T ⇓ ; ↓↑⇓) with a concentration N 0 . This electron capturing is equivalent to leaving behind electrons of +1/2 (↑) with the same concentration in the resident electron ensemble, and therefore the initial RESP can form by this P1 process. Since the pulse width (2 ps) is much shorter than the spin precession period 2π/ω L , the spin rotation during the pulse duration can be neglected. Thus, the P1 process does not induce a finite nonzero IPS due to the instantaneous excitation of RESP.
The generated RESP S e (t) {≡[S e ↑ (t) − S e ↓ (t)]/2} follows the Bloch equation including the relaxation terms:
where induces the equivalent return of +1/2 and −1/2 electrons to the resident electron ensemble, and therefore IPS of RESP does not change from zero.
To explain the observed negative IPS, it is necessary that P3 becomes a major one in the electron returning process. To simplify the modeling, via P2 and P3 processes, we assume that spin-polarized trion populations of T ⇓ and T ⇑ evolve as
This hole spin-relaxation process is asymmetric between T ⇓ → T ⇑ and T ⇑ → T ⇓ , and the mechanism was discussed in the spin-flip Raman scattering measurements by Debus et al. [23] . The assumption should be tested by the comparison between the experimental and calculated results.
Assuming the above initial conditions, the following are obtained to solve Eq. (2) including the above asymmetric hole spin flip:
Then, the RESP S e (t) [=S e P 1 (t) + S e P 2+P 3 (t)] is
In the derivation of the coefficients A, B, C, and D in Eqs. (4)- (6), we ignored the higher-order correction terms of (1/τ . Finally, the IPS φ and the amplitude P are obtained as follows:
IV. RESULTS AND ANALYSIS
For a deeper insight into the interplay between the dynamical evolution of trions and the resultant IPS of RESP, the TRKR signals under B x = 146 mT (precession period 2π/ω L = 333 ps) were measured as a function of the pump power over the range of 1-10 mW as shown in Fig. 4(a) . The fitting for the RESP component in t = 500-3000 ps indicates that τ e s decreases from 1800 to 800 ps with increasing the pump power. A possible reason for the reduction of τ e s is the increase of phonon scattering due to the heating of resident electrons by optical excitation. Figure 4 (b) summarizes the IPS values of these TRKR signals in Fig. 4(a) . For all the pump powers, the negative IPS was observed and the absolute value mainly increases and then saturates with the increasing pump power. The maximum negative IPS of ∼−0.35 rad was obtained at the pump power of P pump ∼ 8 mW. By using Eqs. (4), (5), and (7) In order to verify further that the IPS is negative in this QW sample, the following experiment was performed. Since the change of the IPS definitely originates from the subsequently generated RESP component, for example, due to trion recombination, the use of the controllable extra RESP component is beneficial, and more precise measurement of the intrinsic IPS can be expected. In this measurement, the controllable extra RESP component was produced by an additional circularly polarized pump pulse (called a control pulse, here). Figure 5 shows the TRKR signals excited by the σ − pump with (a) σ − and (b) σ + control pulses that were denoted by σ − /σ − and σ − /σ + , respectively, under B x = 136 mT and 10 K. The control pulse was retarded by π/2 (around 90 ps) and was varied from 0.5 to 10 mW for both cases. For the constant RESP generated by the first pump pulse, the control pulse produces the extra RESP with the relative phase π/2 for σ − and 3π/2 for σ + . The relative phase shift of the combined total RESP can be varied by changing the control power as indicated in the insets of Figs. 5(a) and 5(b). The | | is expected to shift down with decreasing the extra RESP component and to converge to the intrinsic IPS produced by the first pump pulse in the limit of the zero control power.
The of the RESP precessions are plotted in Fig. 5(c) . The was obtained from the fitting over the range of 500-3000 ps. As shown in Fig. 5(c) , each absolute phase shift | − | for the σ − /σ − signal is much larger than | + | of the σ − /σ + curve under the same power of the control pulse. The | − | and | + | change and converge to the same nonzero phase shift (−0.38 rad) at P control = 0 μW consistently, corresponding to the phase shift of the original signal excited by the single pump pulse and also similar to the IPS (−0.35 rad) in Fig. 4(b) . In addition, as seen from the curves of | − | and | + |, they are not strictly mirror symmetric about the horizontal dashed line of = −0.38. This is due to the existence of the intrinsic IPS caused by the first pump pulse excitation as well as the varying intrinsic IPS induced by the control pulse.
Finally, we show a set of TRKR curves detected under the various magnetic fields B x up to ∼720 mT and P pump = 8 mW in Fig. 6(a) . The used B x corresponds to ω L = 0.45-9.24 × 10 −2 rad/ps (period 1390-68 ps). The RESP components were fitted over the time range of t = 500-3000 ps. Obviously, the RESP decays faster with increasing B x (τ e s changes from 1185 to 500 ps). This reduction of τ e s is attributed to the averaging effect of a macroscopic number of spins having the inhomogeneity of the g factor due to the fluctuation of well width and alloy composition of the barrier material. A similar dephasing effect was reported in Refs. [11, 20] .
From these TRKR signals, the dependence of the IPS on Larmor frequency is plotted by the solid circles in Fig. 6(b) . The absolute value of the negative IPS first increases only in the small Larmor frequency range (i.e., ω L 2x10 −2 rad/ps, B x 200 mT) and then decreases with increasing ω L . What is more, their RESP amplitude decreases at first and then goes up gradually with increasing ω L as indicated by Fig. 6(c) . In addition, the variation trend of theoretical amplitude displays a similarity with that of experimental results. Although the deviation in the large ω L region in both figures cannot be explained in the framework of our simple model at present, the overall trend of the ω L dependences of IPS and amplitude of RESP was found to be applicable to explain the experimental results.
All the above experimental results indicate that there is the obvious negative IPS at various conditions. The negative IPS can be brought up as far as there is an asymmetric fast hole spin flip from T ⇓ to T ⇑ under σ − polarized excitation, and vice versa for σ + excitation, especially shorter than recombination time. Comparison of the experimental data with theory shows that the assumption is in good agreement with the experimental findings although we could not specify the physical origin at the present stage. The calculation model presented in this work is just a simple model capturing the essential physics of trion and electron-spin-polarization evolutions.
It is well known that CdTe is one of the attractive compounds in terms of smaller effects of hyperfine interaction and quadrupolar interaction induced by strain due to small abundance of the isotopes with one-half nuclear spin [24, 25] , compared to III-V semiconductors such as GaAs and InAs. Thus, the hole and electron-spin dynamics are expected to be affected far less by the hyperfine interaction with nuclear spins even in higher confined structures (e.g., quantum dots). However, to build the theory up into a specifically and fully microscopic model, a detailed understanding of confining potential, kinetic energy for holes, degree of hh-lh mixing, and anisotropic exchange interaction for II-VI QWs might be required.
V. CONCLUSIONS
To summarize, we have successfully demonstrated a transient IPS process via systematically investigating the precessional traces of RESP involving the trion spin dynamics in a CdTe SQW in a rather low magnetic field region by using a TRKR technique. All the above experimental results indicate that there was remarkable negative IPS for all TRKR signals, which was identified as a result of the intrinsic spin-polarization dynamics, especially confirmed by more proof of the double pump excitation experiments, as discussed above. The results of the model calculation agree well with the experimental factors for the overall trends of IPSs. Most interestingly, through the interpretation of the nonzero IPSs in the RESP precessions, the trion spin dynamical process and the RESP formation can be determined in the calculation as well as in the experiments, where the briskly asymmetric hole spin flip accounts for the negative initial phase. To get a clear physical picture of all the dynamics, further research about the trion spin dynamics is required. However, we believe that the results we presented here will be valuable and can contribute to better manipulation and understanding of the RESP and charged exciton dynamics.
